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Tim23 Links the Inner and Outer
Mitochondrial Membranes
about 14 nm (Mannella et al., 1997; Perkins et al., 1997,
1998). The molecular basis for the formation of cristae
and inner boundary membrane is not known.
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Matthias F. Bauer,1,7 Walter Neupert,1 The inner boundary membrane appears to be the pre-
ferred region where nuclear encoded preproteins areand Michael Brunner1,4
1Institut fuÈ r Physiologische Chemie imported into and across the inner membrane. Import
of preproteins is mediated by translocases associatedder UniversitaÈ t MuÈ nchen
Goethestraûe 33 with the outer and inner membrane (Ryan and Jensen,
1995; Schatz, 1996; Pfanner, 1998; Bauer et al., 2000).80336 MuÈ nchen
Germany The outer membrane contains a general preprotein
translocase, the TOM complex, which is used by all2Botanisches Institut der UniversitaÈ t MuÈ nchen
Menzinger Straûe 67 preproteins. For import of precursors into the inner
membrane and into the matrix, the TOM complex coop-80638 MuÈ nchen
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the TIM22 complex and the TIM23 complex (Sirrenberg3Centre de Genetique Moleculaire CNRS
UniversiteÂ Pierre et Marie Curie et al., 1996; Kerscher et al., 1997; Koehler et al., 1998a).
The TIM22 complex is required for import of mitochon-91190 Gif-sur-Yvette
France drial carrier proteins, while precursors with a matrix-
targeting signal are imported via the TIM23 complex
(Sirrenberg et al., 1996; Kerscher et al., 1997; KaÂ ldi et
al., 1998; Koehler et al., 1998a, 1998b; Endres et al.,
Summary 1999; Leuenberger et al., 1999). In mitoplast prepara-
tions, preproteins are imported directly via the TIM22
Tim23, a key component of the mitochondrial prepro- complex (KaÂ ldi et al., 1998) and the TIM23 complex
tein translocase, is anchored in the inner membrane (Hwang et al., 1989), demonstrating that both inner
by its C-terminal domain and exposes an intermediate membrane translocases can recognize and import pre-
domain in the intermembrane space that functions as cursors independent of the TOM complex. The translo-
a presequence receptor. We show that the N-terminal cation of precursors across the outer membrane, how-
domain of Tim23 is exposed on the surface of the outer ever, is linked to their translocation across the inner
membrane. The two-membrane±spanning topology of membrane or their insertion into the inner membrane,
Tim23 is a novel characteristic in membrane biology. and no soluble intermediates in the intermembrane
By the simultaneous integration into two membranes, space have been observed (Schleyer and Neupert, 1985;
Tim23 forms contacts between the outer and inner Jascur et al., 1992; Endres et al., 1999). This simultane-
mitochondrial membranes. Tethering the inner mem- ous transfer, therefore, must require the formation of
brane translocase to the outer membrane facilitates translocation contact sites. At translocation contact
the transfer of precursor proteins from the TOM com- sites between the TOM complex and the TIM23 com-
plex to the TIM23 complex and increases the efficiency plex, 46 amino acid residues of a matrix-targeted precur-
of protein import. sor are sufficient to span both membranes and allow
access of mt-Hsp70 and of the matrix-processing pepti-
Introduction dase, MPP (Ungermann et al., 1996). This corresponds
to approximately 16 nm of an extended polypeptide
Mitochondria are organelles bounded by two mem- chain, indicating that in translocation contact sites, the
branes, the outer and the inner membrane. The inner two translocases must be very close. Thus, transloca-
membrane can be divided into two morphologically dis- tion contact sites could only form in the inner boundary
tinct subcompartments, the cristae and the inner bound- membrane. Translocation contact sites appear to be
ary membrane. The cristae protrude into the matrix dynamic structures and distinct from morphological
space and may comprise more than 90% of the inner mem- contact sites (Pfanner et al., 1992; Bauer et al., 2000).
brane, while the inner boundary membrane is closely Supracomplexes between TOM and TIM were only de-
apposed to the outer membrane (Mannella et al., 1997; tected in the presence of a translocating precursor
Perkins et al., 1997, 1998). In these regions, the thickness (Berthold et al., 1995; Horst et al., 1995; Dekker et al.,
of outer membrane plus inner boundary membrane is only 1997; Endres et al., 1999). In the absence of precursor
proteins, the distribution of TIM complexes between
cristae and inner boundary membrane is not known.4 To whom correspondence should be addressed (e-mail: brunner@
bio.med.uni-muenchen.de). However, in the presence of saturating amounts of ma-
5 These authors contributed equally to this work. trix-targeted precursors, TIM23 complexes are effi-
6 Present address: Department of Physiology, Semmelweis Medical ciently recruited into translocation contact sites (Dekker
University, H-1444 Budapest 8, P.O. Box 259, Hungary.
et al., 1997; Sirrenberg et al., 1997). Available data sug-7 Present address: Institut fuÈ r Klinische Chemie, Molekulare Diag-
gest that a preprotein first associates with the TOMnostik und Mitochondriale Genetik, Akademisches Lehrkrankenhaus
MuÈ nchen-Schwabing, Koelner Platz 1, 80804 MuÈ nchen, Germany. complex. It then recruits the appropriate TIM machinery
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to form the type of translocation supracomplexes re-
quired for further sorting of the precursor to the proper
mitochondrial subcompartment (Schatz, 1996; Sirren-
berg et al., 1997; Pfanner, 1998; Endres et al., 1999).
The molecular mechanism underlying the formation of
translocation contact sites has thus far not been investi-
gated.
In this study, we address how Tim23 is involved in
recruiting the TOM complex into contact sites to allow
the coordinated translocation of precursors across both
mitochondrial membranes. Tim23, an essential compo-
nent of the TIM23 complex, consists of three distinct
elements (Bauer et al., 1996). The C-terminal half of the
protein (approximately residues 100 to 222) is integrated
into the inner membrane and is part of a voltage-gated
protein-conducting channel. Residues 50 to 100 dimer-
ize and thereby form a presequence receptor domain
that is exposed into the intermembrane space. We show
here that the N-terminal domain of Tim23 (residues 1 to
50) is essential for growth of yeast at elevated tempera-
tures. The domain is necessary to mediate efficient pre-
cursor import into mitochondria but is not required for
import into mitoplasts. Surprisingly, the N-terminal do-
main of Tim23 is exposed on the surface of the outer
membrane. An import signal present in the N-terminal
portion of Tim23 (KaÂ ldi et al., 1998) directs the insertion
of this domain into the outer membrane. Since the C-ter-
minal half of Tim23 is integrated into the inner mem-
brane, the protein spans both mitochondrial mem-
branes. This novel two-membrane±spanning topology
of Tim23 has implications on the formation of translo-
cation contact sites with the TOM complex. Thus, the
TIM23 complex might be enriched in the inner boundary
membrane. The TIM23 complex, though tethered to the
outer membrane, does not, or at least not tightly, interact
with the TOM complex in the absence of a precursor.
Figure 1. The N-Terminal Domain of Tim23 Is Required for GrowthA model for the formation of dynamic translocation con-
of Yeast at 378Ctact sites is presented.
(A) Tim23 and Tim23D50 are schematically outlined. Tim23 consists
of 222 amino acid residues. Its C-terminal half (gray box) is inte-
Results grated into the inner membrane. Tim23D50 is an N-terminally trun-
cated protein that starts at amino acid residue 51. Haploid YPH501
(tim23::URA3) cells harboring the low copy number plasmid pFL59-The N Terminus of Tim23 Is Essential for Growth
Tim23 and pFL59-Tim23D50, respectively, were grown at 258C inof Yeast at Elevated Temperatures
selective medium containing 2% glycerol to OD600 5 1.5. The cellThe membrane-integrated C-terminal portion of Tim23
cultures were subjected to consecutive 10-fold dilution steps, and
contains essential information required for import and 3 ml aliquots of each dilution were spotted on glycerol-containing
insertion of the precursor in the presence of a membrane agar plates that were incubated at 258C and 378C.
potential, Dc (Davis et al., 1998; KaÂ ldi et al., 1998). An (B) MB2-Tim23 cells and MB2-Tim23D50his12 cells (Bauer et al.,
1996) were grown at 258C in selective medium containing 2% galac-additional import signal is located within the first 50
tose to OD600 5 0.08 and then incubated at 378C. Aliquots wereamino acid residues of Tim23, and it targets the precur-
removed after the indicated time periods, and OD600 was determined.sor to the mitochondria independent of Dc (KaÂ ldi et al.,
Cell number at 0 hr at 378C was set equal to 1.
1998). This signal is not required for import and insertion
of Tim23 into the inner membrane, and the N-terminal
domain of Tim23 is not essential for the viability of yeast not shown) and nonfermentable carbon sources (Figure
1A). Tim23D50his12 cells that require galactose for in-(Bauer et al., 1996; KaÂ ldi et al., 1998). To characterize the
function of this targeting signal, we constructed yeast duction (Bauer et al., 1996) were also temperature sensi-
tive and did not grow at 378C (Figure 1B). At 158C,strains that express N-terminally truncated versions
of Tim23 from either single copy or multicopy plas- Tim23D50 cells and Tim23D50his12 cells produced mi-
tochondria that contained less cristae than mitochon-mids. Thus, Tim23D50 was expressed under control of
the Tim23 promoter on a single copy plasmid, and dria from control cells. When these cells were grown at
248C and 308C or shifted to a nonpermissive temperatureTim23D50his12 was overexpressed under control of the
Gal10 promoter on a multicopy plasmid. Characteriza- (378C), the mitochondria were essentially devoid of cris-
tae (data not shown). This suggests that the N-terminaltion of Tim23D50 cells revealed a temperature-sensitive
growth phenotype in the presence of fermentable (data 50 amino acid residues are crucial for the function of
Mitochondrial Protein Translocation
403
into the inner membrane and into the matrix. The precur-
sor of the ADP/ATP carrier (AAC) was efficiently im-
ported into mitochondria from both strains (Figure 2A),
indicating that membrane insertion via the TIM22 com-
plex was not compromised in Tim23D50his12 mito-
chondria.
To assess the function of the TIM23 complex, import
of chemical quantities of the matrix-targeted precursor
pSu9(1-69)DHFR was analyzed. Energized mitochondria
(30 mg) were incubated with 30 pmol pSu9(1-69)DHFR
(Figure 2B). The precursor was efficiently imported into
mitochondria harboring full-size Tim23. The amount of
imported preprotein increased over the 10 min incuba-
tion period in an almost linear fashion. The kinetics of
import corresponded to an initial import rate of approxi-
mately 10 pmol precursor/min per mg of mitochondrial
protein. As mitochondria contain about 8.5 pmol TIM23
complex per mg of protein (Sirrenberg et al., 1997),
roughly one precursor molecule is imported per minute
and import site. Import of chemical amounts of pSu9(1-
69)DHFR into Tim23D50his12-containing mitochondria
was much less efficient than import into control mito-
chondria (Figure 2B, upper panels). The kinetics of im-
port were essentially linear over 10 min and corre-
sponded to a rate of about 2 pmol precursor/min per
mg of mitochondrial protein. This indicates that the func-
tion of the N-terminal domain of Tim23 is rate limiting
for efficient import of precursors into the matrix.
For further analysis, mitoplasts were generated by
incubation of mitochondria in hypotonic buffer solution.
Energized mitoplasts were then incubated with chemical
amounts of pSu9(1-69)DHFR (Figure 2B, lower panels).
The precursor was efficiently imported into mitoplast
preparations containing Tim23 and Tim23D50his12. Ap-
Figure 2. The N-Terminal Domain of Tim23 Facilitates Efficient Pre-
parently, the N-terminal domain of Tim23 is not requiredcursor Import into Mitochondria
for efficient import when precursors are targeted directly(A) Import of the ADP/ATP carrier. Mitochondria were prepared from
to the TIM23 complex in the inner membrane. This sug-yeast strains MB2-Tim23 and MB2-Tim23D50his12. Energized mito-
gests that the N-terminal domain of Tim23 facilitates thechondria (30 mg) were incubated for 3 min at 258C with radiolabeled
AAC precursor. When indicated, samples were treated with 100 mg/ transfer of precursors from the TOM complex of the
ml PK or mitoplasts were generated by swelling (Sw) and treated outer membrane to the TIM23 complex of the inner mem-
with PK. Samples were analyzed by SDS-PAGE and autoradiogra- brane.
phy. AAC9, proteolytic fragment of inserted AAC.
(B) Import of chemical amounts of pSu9(1-69)DHFR. Mitochondria
The N Terminus of Tim23 Is Exposed on the Surfaceand mitoplasts (30 mg) were incubated at 258C for the indicated time
periods with 30 pmol purified recombinant pSu9(1-69)DHFR and of the Mitochondria
trace amounts of 35S-labeled pSu9(1-69)DHFR. Samples were The C-terminal half of Tim23 is hydrophobic and con-
treated with PK and subjected to SDS-PAGE, and the mature form tains four predicted membrane-spanning segments (Dek-
of Su9(1-69)DHFR was quantified with a phosphorimaging system.
ker et al., 1993; Emtage and Jensen, 1993). No mem-100 arb. units correspond to approximately 1.5 pmol protein.
brane-spanning segment is predicted for the N-terminal
domain (residues 1±50) and the intermediate domain
(residues 51±100) of Tim23. To characterize in more de-Tim23. Apparently, the biogenesis of inner membrane
proteins is severely affected in such cells. Even high tail the topology and submitochondrial localization of
Tim23, mitochondria were either incubated in HEPES-levels of the N-terminally truncated Tim23 cannot rescue
the morphological defects and the temperature-sensi- sorbitol buffer to keep the mitochondrial outer mem-
brane intact or in HEPES buffer to generate mitoplaststive growth phenotype.
by osmotic swelling. Mitochondria were treated with 300
mg/ml proteinase K (PK), and mitoplasts were treatedThe N-Terminal Domain of Tim23 Facilitates
the Transfer of Precursors from TOM to TIM with 50 mg/ml PK. Samples were then subjected to SDS-
PAGE and immunoblotting with a23-C antibodies di-Mitochondria were isolated from cells expressing
Tim23D50his12 and from control cells (Tim23) that were rected against the C terminus of Tim23 and with a23
antibodies that recognize the N-terminal half of Tim23grown at a permissive temperature. These mitochondria
contained normal levels of Tim17 and of Tim44, both (Figure 3A, upper and lower panel). To our surprise,
Tim23 was clipped when intact mitochondria werecomponents of the TIM23 complex (data not shown).
The mitochondria were assayed for import of precursors treated with PK and a resistant fragment, Tim23*, was
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generated. Cleavage occurred at the N terminus of
Tim23, since Tim23* was recognized by the C-terminal
antibody and by a23. As estimated from the shift in
electrophoretic mobility, the apparent molecular mass
of Tim23* was approximately 2 kDa lower than that of
full-size Tim23. This suggests that the N-terminal do-
main of Tim23 is accessible to PK in intact mitochondria.
When mitoplasts were treated with PK, a 13 kDa frag-
ment was generated, which was recognized by a23-C
(upper panel) but not by a23 (lower panel). Thus, this
fragment corresponds to the C-terminal portion of Tim23
that is integrated into the inner membrane.
We analyzed the protease accessibility of other pro-
teins of the outer membrane, the intermembrane space,
and the inner membrane to control the intactness of the
mitochondria. The surface-exposed receptors Tom70
and Tom22 were readily degraded by PK, while outer
membrane proteins Tom40 and porin were completely
resistant to the proteolytic attack of PK (data not shown).
Cytochrome b2, a protein of the intermembrane space,
was protease resistant in mitochondria but sensitive
to PK in mitoplast preparations (Figure 3B), indicating
intactness of the mitochondria. Similarly, the ADP/ATP
carrier (AAC) of the inner membrane was resistant to
PK treatment of mitochondria (Figure 3B). In mitoplast
preparations, AAC was clipped by PK and a protease-
resistant fragment, AAC9, was generated, which indi-
cates that the intermembrane space was opened while
the matrix space remained closed (Pfanner and Neupert,
1987). Tim17, which is in a complex with Tim23 in the
inner membrane, was also resistant to PK treatment of
mitochondria but was readily degraded when mitoplasts
were treated with PK (Figure 3B). Together, this demon-
strates that the mitochondria were intact and the in-
termembrane space remained sealed during the PK
treatment. To further control the intactness of the
mitochondria, we tested a number of different prote-
ases. Tim23 was clipped by pronase and with low effi-
ciency by subtilisin, and a fragment of approximately
the size of Tim23* was generated (data not shown).
Tim23 was neither cleaved by chymotrypsin nor by en-
doproteinase Glu C, elastase, papain, or trypsin. Thus,
the N-terminal domain of Tim23 is accessible to unspe-
cific proteases such as PK, pronase, and subtilisin in
intact mitochondria.
Why was the accessibility of the N terminus of Tim23
in mitochondria not detected previously? Protease
treatments of mitochondria were routinely carried out
in import buffer that contains 80 mM KCl using 0.1 mg/
ml PK. The generation of Tim23* was salt sensitive, and
0.5 mg/ml PK were required to generate a significant
fraction of Tim23* in the presence of 80 mM KCl (data
Figure 3. The N Terminus of Tim23 Is Accessible to PK in Intact not shown).
Mitochondria
(A) Mitochondria (M) and mitoplasts (MP) were incubated for 20
min on ice with 300 and 50 mg/ml PK, respectively. Samples were
analyzed by SDS-PAGE and immunoblotting with affinity-purified Tim23D10 and Tim23D20, which lack 10 and 20 N-terminal amino
antibodies against the C terminus of Tim23, a23C (upper panel), acid residues, respectively, and full-size Tim23 were synthesized in
and antibodies against the first half of Tim23, a23 (lower panel). vitro in the presence of 35S methionine. The precursors were then
Tim23*, proteolytic fragment of Tim23 in mitochondria. Tim23C- incubated for 15 min at 258C with energized mitochondria. Samples
term, C-terminal portion of Tim23 integrated into the inner mem- were diluted 10-fold in HEPES-sorbitol buffer, treated with 200 mg/
brane. ml PK when indicated, and analyzed by SDS-PAGE and autoradiog-
(B) Mitochondria and mitoplasts were treated with PK and analyzed raphy. The fragment generated by PK is indicated by an asterisk.
using antibodies against cytochrome b2 (Cyt b2), AAC, and Tim17. (D) Mitochondria were incubated with NADH (1Dc) and CCCP (-Dc)
(C) Mapping of the PK cleavage site in Tim23 in intact mitochondria. and then treated with 200 mg/ml PK.
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and were then treated with PK (Figure 3D). Tim23* was
generated by PK independent of Dc. This indicates that
dimerization of the presequence receptor domain of
Tim23 does not affect the accessibility of the N terminus
at the outer membrane.
As shown above, only a fraction of Tim23 was clipped
when mitochondria were treated for 30 min with 300 mg/
ml PK. We tested whether at higher concentrations of
PK Tim23 would be further degraded in a nonspecific
manner or whether a larger fraction of Tim23 would be
specifically converted to the Tim23* fragment. Mito-
chondria were therefore incubated with 1 mg/ml PK at
08C (Figure 4A). Under these conditions, the N terminus
of Tim23 was rapidly and efficiently clipped. The half-
time of cleavage was approximately 7 min, and virtually
all Tim23 was converted to Tim23* after 30 min of incu-
bation. The formation of Tim23* was temperature depen-
dent (Figure 4B). Tim23 was partially clipped by 0.5 mg/
ml PK at 08C and at 128C, while Tim23* was efficiently
generated at 258C. Quantification of Western blots indi-
cated that all Tim23 was converted to Tim23* (data not
shown). Tim23* was the end product, and no further
degradation was observed at any of the three tempera-
tures. In particular, the 13 kDa C-terminal fragment of
Tim23 was not generated, and AAC was not clipped to
AAC9 by PK (data not shown), supporting that the outer
membrane remained intact. Apparently, the protease
did not induce leakiness of the outer membrane. Rather,
specifically the N terminus of Tim23 was accessible to
PK in intact mitochondria.
For control, mitoplasts were prepared and treated at
08C with different concentrations of PK. In marked con-
trast to intact mitochondria, 10 mg/ml PK were sufficient
to fully degrade the intermembrane space domain of
Tim23 in mitoplasts (Figure 4C). No fragment corre-
sponding to Tim23* was generated under these condi-Figure 4. All Tim23 Is Accessible to PK in Intact Mitochondria
tions, demonstrating that the intermembrane space do-(A) Mitochondria were incubated for the indicated time periods at
08C with 1 mg/ml PK. main of Tim23 is quite sensitive to PK when exposed
(B) Mitochondria were treated for 20 min with 0.5 mg/ml PK at the to the protease.
indicated temperatures. Together, these observations demonstrate that the N
(C) Mitoplasts (MP) and mitochondria (M) were treated for 30 min terminus of Tim23 is accessible to PK in intact mitochon-
at 08C with the indicated concentrations of PK. Tim23* is indicated
dria. It is clipped at a specific site approximately 20by an asterisk. Samples were analyzed by SDS-PAGE and immu-
amino acid residues from the N terminus. All Tim23 isnoblotting with affinity-purified antibodies against Tim23.
accessible to PK, and the resulting fragment, Tim23*, is
not further degraded even by high concentrations of PKTo map the PK cleavage site in Tim23, we constructed
in intact mitochondria. In mitoplasts, in contrast, Tim23Tim23D10 and Tim23D20, truncated versions of Tim23
is sensitive to low concentrations of protease. Thus,that lack 10 and 20 N-terminal amino acid residues,
the N terminus of Tim23 is apparently exposed on therespectively. Radiolabeled precursors were synthesized
surface of the outer membrane while its C terminus isin vitro and imported into energized mitochondria that
integrated into the inner membrane.were subsequently treated with PK in low-salt buffer
(Figure 3C). Tim23 and Tim23D10 were clipped by PK
Does Tim23 Penetrate the Outer Membraneand Tim23* was generated. Tim23* displayed essentially
through the TOM Complex?the same electrophoretic mobility as Tim23D20, which
Mitochondria were lysed with digitonin, and immunopre-was resistant to PK treatment after import into the mito-
cipitations were performed. As expected, Tom40 did notchondria. This demonstrates again the intactness of the
coprecipitate with antibodies against Tim23 and vicemitochondria and indicates that PK cleaves Tim23 ap-
versa (data not shown). Thus, Tim23 is not tightly associ-proximately 20 amino acid from the N terminus.
ated with the TOM complex. To examine whether Tim23The intermediate domain of Tim23 (residues 50 to 100)
is in close proximity to the TOM complex in intact mito-harbors a presequence receptor domain that dimerizes
chondria, we performed cross-linking studies. When mi-in response to the membrane potential, Dc (Bauer et al.,
tochondria and mitoplasts were treated with a number1996). Mitochondria were incubated in the presence of
of different chemical cross-linking reagents, no differ-NADH to strengthen Dc or in the presence of carbonylcy-
anid-m-chloro-phenylhydrazone (CCCP) to dissipate Dc ences in the pattern of Tim23-specific cross-links were
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We constructed a yeast strain that expressed Tom40
in the chromosome under control of the Gal10 promoter
(Figure 5B, upper part). The cells were grown in the
presence of galactose and then shifted to galactose-free
medium for 12 hr. Control cells were kept in galactose-
containing medium. The cells were harvested, and mito-
chondria were prepared. Mitochondria from cells grown
in the absence of galactose contained significantly re-
duced levels of Tom40 (Figure 5B). When the mitochon-
dria were incubated with 200 mg/ml PK, similar fractions
of Tim23 were converted to Tim23*. Together, these
observations suggest that the number of TOM com-
plexes does not significantly affect the generation of
Tim23* by PK in intact mitochondria. Corresponding re-
sults were obtained with mitochondria from a yeast
strain that did not express porin, the major pore-forming
protein of the outer membrane (data not shown).
The N Terminus of Tim23 Is Integrated
into the Outer Membrane
To examine the possibility that the N terminus of Tim23
is integrated in the outer membrane, we constructed a
fusion protein between the CH2-CH3 domains of the
heavy chain of human IgG (Kolanus et al., 1996) and the
N-terminal 73 amino acid residues of Tim23. Radiola-
beled Ig-Tim23(1-73) precursor was synthesized in retic-
ulocyte lysate and incubated with deenergized mito-
chondria. Subsequently, the mitochondria were treated
with trypsin and 1 M NaCl and then reisolated by cen-Figure 5. The Accessibility of Tim23 in Mitochondria Does Not Cor-
trifugation (Figure 6A). About 50% of the associatedrelate with the Number of TOM Complexes
precursor was clipped by trypsin, and the protease-(A) Cells harboring wild-type TOM40 (WT) and cells harboring a
resistant CH2-CH3 domains were recovered in thetemperature-sensitive allele of TOM40 (ts1) (Kassenbrock et al.,
1993) were grown at 258C and then shifted to 378C for 6 hr. Mitochon- supernatant fraction. The remaining 50% of Ig-Tim23
dria were prepared and treated for 20 min at 08C with 0.2 mg/ml PK (1-73) was inaccessible to trypsin and was found with
when indicated. the mitochondria. When mitochondria were washed with
(B) The Gal10-TOM40 integration cassette is schematically outlined urea to remove peripherally attached proteins, a signifi-
(the Experimental Procedures). W334 cells were transformed with
cant fraction of Ig-Tim23(1-73) remained associated withthe cassette to replace by homologous recombination the TOM40
the mitochondria (Figure 6B). Together, this indicatespromoter in the chromosome by the Gal10 promoter. Transformants
that the Tim23 portion of the chimeric precursor waswere grown in selective lactate medium containing 1% galactose
(1gal) and shifted, when indicated, for 12 hr to galactose-free growth imported into the mitochondria while the CH2-CH3 do-
medium (-gal) before mitochondria were prepared. Mitochondria mains were present on the surface of the mitochondria.
were treated with 0.2 mg/ml PK (lower panels). Samples were ana- As expected for an outer membrane protein, import of
lyzed with antibodies against Tom40 and Tim23. Ig-Tim23(1-73) did not require a membrane potential, Dc
(data not shown). To further analyze the import pathway,
mitochondria were pretreated with trypsin to remove
observed, and Tim23 was not cross-linked to compo- preprotein receptors on the surface of the mitochondria.
nents of the TOM complex (data not shown). Ig-Tim23(1-73) was not imported into these mitochon-
We then asked whether the accessibility of Tim23 dria (Figure 6C). In summary, these data indicate that Ig-
in mitochondria is correlated with the number of TOM Tim23(1-73) was imported like a typical outer membrane
complexes, which are about 2-fold more abundant than protein.
TIM23 complexes (Dekker et al., 1997; Sirrenberg et al., To analyze whether the N-terminal portion of Tim23
1997). Yeast cells that expressed tom40ts1, a tempera- functions as an import signal into the outer membrane
ture-sensitive allele of TOM40 (Kassenbrock et al., in vivo, we isolated mitochondria from a yeast strain that
1993), and the parental WT cells were grown at 258C expressed Tim23(1-62)-DHFR, a fusion protein between
and then shifted for 6 hr to a nonpermissive temperature. the N-terminal 62 amino acid residues of Tim23 and
Mitochondria were isolated from both strains. WT mito- mouse dihydrofolate reductase. As reported previously,
chondria and tom40ts1 mitochondria contained similar Tim23(1-62)-DHFR is targeted specifically to the mito-
levels of Tim23 (Figure 5A). Tom40, however, was not chondria in vivo (KaÂ ldi et al., 1998). To localize Tim23(1-
detectable in tom40ts1 mitochondria, demonstrating 62)-DHFR, submitochondrial particles were generated,
that the number of TOM complexes was significantly purified by centrifugation on two consecutive sucrose
lower than in WT mitochondria. The mitochondria were gradients, and analyzed for their protein composition
then treated with 200 mg/ml PK. Tim23* was generated (Figure 6D). The majority of Tom40 fractionated with
in WT and tom40ts mitochondria with similar efficiency outer membrane vesicles (OMV). A portion was recov-
ered in the fraction containing inner membrane vesicles(Figure 5A).
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Figure 6. The N-Terminal Domain of Tim23 Is Inserted into the Outer Membrane
(A) Import of Ig-Tim23(1-73) into the outer membrane in the absence of Dc. Ig-Tim23(1-73), a fusion protein of the CH2-CH3 domains of human
IgG (Ig) and the N-terminal 73 amino acid residues of Tim23, was incubated for 15 min at 258C with mitochondria in the presence of valinomycin
to dissipate Dc. The mitochondria were then treated with 50 mg/ml trypsin and 1 M NaCl and reisolated by centrifugation. Supernatant (S)
and pellet (P) fractions were analyzed.
(B) Ig-Tim23(1-73) was imported into mitochondria. Samples were treated with trypsin and 1 M NaCl or washed with 6 M urea, and mitochondria
were reisolated. Samples were analyzed by SDS-PAGE, and Ig-Tim23(1-73) was quantified with a phosphorimaging system. 100% corresponds
to the total amount of precursor associated with the mitochondria.
(C) Mitochondria, pretreated with or without 100 mg/ml trypsin to remove the surface receptors, were reisolated and incubated for 15 min at
258C with radiolabeled Ig-Tim23(1-73). The samples were halved; one half was left untreated (ªtotalº) and the other half was incubated with
1 M NaCl and treated with trypsin (ªimportedº). Ig-Tim23(1-73) associated with mitochondria was quantified.
(D) Tim23(1-62)-DHFR is imported into the outer membrane in vivo. Mitochondria were isolated from yeast cells expressing Tim23(1-62)-DHFR
(KaÂ ldi et al., 1998). Submitochondrial particles were generated and isolated by two consecutive sucrose density gradient centrifugations (the
Experimental Procedures). Aliquots were analyzed by SDS-PAGE and immunoblotting for the distribution of the indicated antigens. Subunit
g, integral membrane subunit of the F0 segment of the ATP synthase; IDF 1 IM, intermediate density fraction and inner membrane vesicles;
OMV, outer membrane vesicles.
(E) Tim23(1-62)DHFR is an integral membrane protein. Mitochondria harboring Tim23(1-62)DHFR were extracted with carbonate (pH 11).
Mitochondrial membranes were separated from the extracted proteins by flotation centrifugation in a sucrose gradient, and the fractions were
analyzed by SDS-PAGE and immunoblotting. F1b, b-subunit of the F1 segment of the ATP synthase.
(IM) and membranes of intermediate density (IDF). Sub- bottom of the gradient as expected for a peripheral
membrane protein. The integral membrane proteinunit g of the F0 segment of the ATP synthase, an integral
inner membrane protein, was recovered exclusively in Tim23 fractionated with the mitochondrial outer and in-
ner membranes, which both floated to the top of thethe IM/IDF fraction. Tim23 was also recovered in this
fraction. Interestingly, a trace of Tim23 fractionated with gradient after the carbonate extraction procedure. The
bulk of Tim23(1-62)-DHFR was recovered in the mem-OMV, suggesting an interaction of this inner membrane
protein with the outer membrane. Tim23(1-62)-DHFR brane fraction, suggesting that it was an integral mem-
brane protein.was enriched in OMV, indicating that the chimeric pre-
cursor was associated with the outer membrane. In summary, the N-terminal domain of Tim23 contains
an import signal that mediates its insertion into the outerFor further analysis, Tim23(1-62)-DHFR-containing
mitochondria were treated with carbonate (pH 11) and membrane independent of the inner membrane potential
Dc. As the C-terminal half of Tim23 is integrated intosubjected to flotation centrifugation in a sucrose gradi-
ent (Figure 6E). ATPase subunit b (F1b) was extracted the inner membrane, Tim23 appears to span both mito-
chondrial membranes.from the membranes by carbonate and remained at the
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Figure 7. Submitochondrial Topology of Tim23
Fusion Proteins
(A) The CH2-CH3 domains of Ig-Tim23 but
not of Tim23D50 are accessible to PK in intact
mitochondria. Ig-Tim23 and Ig-Tim23D50, fu-
sion proteins of the CH2-CH3 domains with
Tim23 and Tim23D50, respectively, are sche-
matically outlined in the upper parts. Left
panel, total protein extract from Ig-Tim23
cells (total). Mitochondria were prepared and
treated with the indicated concentrations of
PK, or mitoplasts were generated (SW) and
treated with PK. Samples were analyzed by
SDS-PAGE and immunoblotting using affin-
ity-purified antibodies specific for the C ter-
minus of Tim23. **, proteolytic fragment of
Ig-Tim23 generated during preparation of
mitochondria. Tim23*, fragment of Ig-Tim23
generated by PK treatment of intact mito-
chondria. Tim23C-term, 13 kDa PK-resistant
C-terminal portion of Tim23 that is integrated
into the inner membrane. Right panel, mito-
chondria from Ig-Tim23D50 and from WT cells
were treated with PK when indicated and an-
alyzed by immunoblotting with a23. Tim23*
is indicated by an asterisk. The mobility of
size standards is indicated; numbers corre-
spond to molecular mass in kDa.
(B) The CH2-CH3 domains of Ig-Tim23 are
exposed on the surface of the mitochondria.
Mitochondria from WT cells and Ig-Tim23
cells were incubated with protein A conju-
gated with 10 nm colloidal gold particles, and
samples were processed for electron mi-
croscopy.
(C) Quantification of surface labeling of mito-
chondria with protein A-gold. The number of
gold particles associated with 50 mitochon-
drial particles from WT cells, Ig-Tim23 cells,
and Ig-Tim23D50 cells were determined.
(D) Ig-Tim23 and Ig-Tim23D50 are integral
membrane proteins. Mitochondria from WT,
Ig-Tim23, and Ig-Tim23D50 cells were ex-
tracted with 100 mM Na2CO3 (pH 11), and
membranes were reisolated by centrifuga-
tion. Tim23 and Tim23 fusion proteins in the
pellet and supernatant fractions were ana-
lyzed by SDS-PAGE and Western blotting and
quantified by densitometry.
Topology of Tim23 Fusion Proteins gene, indicating that the chimeric proteins were func-
tional. Like Tim23D50 cells, Ig-Tim23D50 cells had aTo characterize the association of the N terminus of
Tim23 with the outer membrane in more detail, we temperature-sensitive growth phenotype (data not
shown).constructed the chimeric proteins Ig-Tim23 and Ig-
Tim23D50 in which the CH2-CH3 domains of the human Ig-Tim23 was readily detectable in total cell lysates
(Figure 7A, left panel). When mitochondria were pre-IgG heavy chain were fused to Tim23 and Tim23D50
(Figure 7A, upper portion). Cells expressing Ig-Tim23 or pared, Ig-Tim23 was partially degraded, indicating that
the fusion protein was quite sensitive to degradation byIg-Tim23D50 complemented a disruption of the TIM23
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Figure 8. Model for the Transfer of a Precursor from the TOM Complex to the TIM23 Complex
(1) The TIM23 complex is a dimer, containing two molecules of Tim23 (23), Tim17 (17), and Tim44 (44), which provides two binding sites for
mt-Hsp70 (70). Only one molecule of mt-Hsp70 is shown. Tim23 spans both mitochondrial membranes. The N-terminal domain of Tim23 is
integrated into the outer membrane (OM). Residues 50 to 100 dimerize and form a negatively charged presequence receptor domain in the
intermembrane space (Bauer et al., 1996). The C-terminal half of Tim23 is integrated into the inner membrane (IM). A precursor in association
with the TOM complex is shown. The positively charged matrix-targeting signal (zigzag) is bound to the trans-site (hatched). The TIM23
complex, tethered to the outer membrane via its N-terminal domain, screens by lateral diffusion the inner side of the outer membrane.
(2) The presequence receptor domain of Tim23 encounters the presequence and triggers its release from the trans-site of the TOM complex.
(3) Binding of the presequence leads to the Dc-dependent opening of the protein-conducting channel of the TIM23 complex, and the
presequence is translocated across the inner membrane.
(4) Further translocation is driven by ATP-dependent reaction cycles of mt-Hsp70, Tim44, and Mge1p (E) (Moro et al., 1999; Bauer et al., 2000).
yeast proteases. Interestingly, the fragment (**) that was result from translocation intermediates of Ig-Tim23 that
may have accumulated in vivo and remained unspecif-generated was approximately of the same size as Tim23
and was detected by antibodies against the C terminus ically attached to the outer membrane, mitochondria
were extracted with carbonate (pH 11) (Figure 7D).of Tim23. This demonstrates that specifically the CH2-
CH3 domains of the fusion protein were proteolytically Tim23, Ig-Tim23, and Ig-Tim23D50 were recovered with
the carbonate-extracted membranes, indicating thatremoved during isolation of mitochondria while the
Tim23 portion was inaccessible to the proteases. The these proteins were membrane integrated.
In summary, the import signal in the N terminus ofisolated mitochondria were then treated with two differ-
ent concentrations of PK. The CH2-CH3 domains were Tim23 is not required for translocation of large domains
into the intermembrane space but specifically targetsdegraded by 0.3 mg/ml PK, and protease-resistant frag-
ments (** and Tim23*) were generated. At 1 mg/ml PK, the N-terminal portion of Tim23 into the outer mem-
brane. Since the C-terminal domain of Tim23 is inte-the fusion protein was completely converted to Tim23*.
When mitoplasts were treated with PK, the 13 kDa C-ter- grated into the inner membrane, Tim23 is anchored in
both membranes and links the outer and inner mitochon-minal fragment was generated that corresponds to the
portion of Tim23 that is inserted into the inner mem- drial membranes.
brane. This suggests that Ig-Tim23 has the same topol-
ogy as Tim23; the N terminus spans the outer membrane
while the C terminus is inserted into the inner membrane. Discussion
When mitochondria harboring Ig-Tim23D50 were
treated with PK, the fusion protein was resistant to A main question in the field of protein import into organ-
elles bounded by two membranes, such as mitochondriaprotease treatment, while Tim23 was clipped by PK (Fig-
ure 7A, right panel). This indicates that Ig-Tim23D50 and chloroplasts, is how translocation across these
membranes is coordinated. It has been observed earlywas completely imported across the outer membrane.
Apparently, the import signal in the C-terminal portion on that proteins being translocated from the cytosol into
the matrix of the mitochondria span both membranesof Tim23 is sufficient to drive complete translocation of
a large passenger domain across the outer membrane. at so-called translocation contact sites (Schleyer and
Neupert, 1985; Jascur et al., 1992). These are formedIsolated mitochondria from WT, Ig-Tim23, and Ig-
Tim23D50 cells were then incubated with gold-conju- between TOM complexes and TIM23 complexes (Bert-
hold et al., 1995; Horst et al., 1995; Dekker et al., 1997).gated protein A and processed for electron microscopy.
The surface of Ig-Tim23 mitochondria was decorated In a similar manner, mitochondrial carrier proteins are
translocated across the intermembrane space and in-with gold particles (Figure 7B), indicating that the CH2-
CH3 domains were exposed on the surface of the outer serted into the inner membrane at contact sites between
TOM complexes and TIM22 complexes (Endres et al.,membrane. WT and Ig-Tim23D50 mitochondria were es-
sentially devoid of gold particles (Figure 7C). 1999).
Tim23, a key component of the TIM23 complex ofTo analyze whether the immuno-gold labeling could
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yeast, has a function as presequence receptor and con- insert into their target membranes prior to fusion (Steg-
mann et al., 1991; Hughson, 1997). The two-membrane±stituent of a voltage-gated protein-conducting channel
(Bauer et al., 1996). We show here that the N-terminal spanning topology of Tim23 tethers the TIM23 complex
to the outer membrane. Thereby, the translocase may50 amino acid residues are crucial for the function of
Tim23. This domain facilitates the transfer of precursors become concentrated in the inner boundary membrane.
It remains to be established whether more proteins existfrom the TOM complex to the TIM23 complex. In an
attempt to analyze the underlying mechanism, we ob- that mediate interactions between outer and inner mem-
branes. In particular, the TIM22 complex, the secondserved that the N terminus of Tim23 was cleaved upon
treatment of intact mitochondria with proteinase K. translocase of the inner membrane that cooperates with
the TOM complex in the import of carrier proteins (Sir-Cleavage occurred at a specific site, approximately 20
amino acid residues from the N terminus. All of Tim23 renberg et al., 1996; Kerscher et al., 1997; Koehler et al.,
1998a), might also be tethered to the outer membrane. Itwas reached by the protease, and the resulting frag-
ment, Tim23*, was resistant to further degradation as is tempting to speculate that inner boundary membrane
and cristae membrane, though part of a continuous lipidlong as the outer membrane remained intact. When the
outer membrane was opened, the intermembrane space bilayer, may form distinct subcompartments that differ
in their protein composition.domain of Tim23 was degraded by very low concentra-
tions of protease, and no fragment corresponding to How may the two-membrane±spanning topology of
Tim23 facilitate the transfer of precursors from the TOMTim23* was generated. Tim23 was not found in associa-
tion or close proximity to the TOM complex, and the complex to the TIM23 complex? Matrix-targeted precur-
sors are initially recognized by receptors on the surfacenumber of TOM complexes did not correlate with the
accessibility of Tim23, suggesting that the N terminus of the mitochondria (Ryan and Jensen, 1995; Schatz,
1996; Pfanner, 1998; Bauer et al., 2000). The prese-of Tim23 directly penetrates the outer membrane. By
sequence, the N terminus of Tim23 does not contain a quence is subsequently transferred to the trans-site of
the TOM complex, where it remains firmly bound (Mayerpredicted membrane-spanning helix. However, there is
a predicted propensity for b sheet formation (data not et al., 1995). To proceed with the translocation process,
the presequence must be transferred to the dimericshown). Tim23 may thus span the outer membrane in a
b strand conformation, which is typical for certain outer TIM23 complex (Figure 8). The N-terminal domain of
Tim23, integrated into the outer membrane, is in closemembrane proteins such as porins and Tom40 (Man-
nella et al., 1996). The mitochondrial-targeting signals proximity to the presequence receptor domain. The re-
ceptor domain of Tim23 is directly linked to the C-termi-identified in Tim23 are in accordance with the conclusion
that the protein is integrated into both, outer and inner nal domain that is part of the protein-conducting import
channel across the inner membrane (Berthold et al.,membrane: the N terminus of Tim23 contains a Dc-inde-
pendent targeting signal (KaÂ ldi et al., 1998) that has the 1995; Horst et al., 1995; Bauer et al., 1996; Dekker et
al., 1997). We propose that the TIM23 complex, tetheredcapacity to target a passenger, the CH2-CH3 domains,
into the outer membrane. The C-terminal half of Tim23 to the outer membrane, can diffuse laterally in the inner
boundary membrane. In this way, the presequence re-contains signals that mediate the Dc-dependent inser-
tion of the protein into the inner membrane (Davis et al., ceptor domain would screen the inner face of the outer
membrane. When the presequence receptor encounters1998; KaÂ ldi et al., 1998). What is the role of the N-terminal
import signal? In the absence of this signal (Ig- a precursor bound to the TOM complex, it triggers the
release of the presequence from the trans-site. BindingTim23D50), insertion into the inner membrane of the
C-terminal half of Tim23 is sufficient to drive complete of the presequence to Tim23 then leads to the Dc-
dependent opening of the protein-conducting channel,translocation even of a large passenger, the CH2-CH3
domains, across the outer membrane. Apparently, an and the presequence is translocated across the inner
membrane. Further translocation is driven by Tim44,additional targeting signal in the N terminus of Tim23 is
not required for efficient import. In contrast, when the mt-Hsp70, and Mge1p with ATP as an energy source
(Kronidou et al., 1994; Rassow et al., 1994; Schneidersignal is present (Ig-Tim23) the CH2-CH3 domains are
no longer translocated across the outer membrane but et al., 1994; Moro et al., 1999).
Salient features of this model are that the two-mem-remain exposed on the surface of the outer membrane
brane±spanning topology of Tim23 ensures a high localin the same manner as the N terminus of Tim23. There-
concentration of TIM23 complexes in the inner boundaryfore, this import signal seems to be necessary to specifi-
membrane where protein import occurs and that thecally target the N-terminal domain of Tim23 into the
receptor domain of the Tim23 is positioned at the innerouter membrane. Thus, Tim23 spans both mitochondrial
face of the outer membrane. Thereby, the search formembranes and accordingly must form contacts be-
the presequence bound to the trans-site of the TOMtween the mitochondrial outer and inner membranes.
complex would be reduced to two dimensions and thusThe N terminus of Tim23 appears to be inserted into the
be more efficient than a random three-dimensionallipid bilayer of the outer membrane, but other possibili-
search.ties of how Tim23 crosses the outer membrane are not
excluded. The interaction of Tim23 with the outer mem-
Experimental Proceduresbrane could be dynamic, although a dynamic interaction
is not likely in the case of Ig-Tim23.
Construction of Plasmids and Yeast Strains
The topology of Tim23 is novel and unusual. It seems Expression of TOM40 under control of the GAL10-CYC1 promoter:
reminiscent of viral fusion proteins, such as hemaggluti- pBC2 (Flytlovich et al., 1993) was digested with SalI and BamHI.
The DNA fragment that carries the URA3 gene and the GAL10-CYC1nin, which are integrated into the viral envelope and
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hybrid promoter was subcloned into the pUC18, resulting in pBD1. particles (Sigma). Mitochondria were reisolated by centrifugation
and washed twice with 0.6 M sorbitol and 20 mM HEPES/KOH (pHpBD1 was digested with SalI, treated with Klenow, and then digested
with HindIII. The 59 untranslated region (370 bp) upstream of the 7.2). The mitochondrial pellet was then resuspended in import buffer
containing 2.5% glutaraldehyde and incubated overnight at 48C. Thepromoter of TOM40 was amplified by polymerase chain reaction
(PCR) and subcloned into pBD1. A 1222 bp BamHI-HindIII fragment fixed mitochondria were pelleted by centrifugation and postfixed for
1 hr with 1% osmium tetroxide. After two washing steps in distilledcontaining the TOM40 ORF was subcloned into pUC19, resulting in
pBD3. pBD2 and pBD3 were digested with NarI and BamHI. The water, the mitochondria were stained en bloc with 1% uranyl acetate
in 20% acetone. Dehydration was performed with a graded acetoneNarI-BamHI fragment from pD2 carrying the 59 untranslated region
of TOM40, the URA3 gene, and the GAL10-CYC1 promoter was series. The samples were then infiltrated and embedded in Spurr's
low-viscosity resin. After polymerization, ultrathin sections withligated to the NarI-BamHI fragment from pD3 containing the TOM40
ORF, giving rise to pGB5100. To replace the TOM40 promoter by thickness between 50 and 70 nm were cut with a diamond knife
and mounted on uncoated copper grids. The sections werethe Gal10-CYC promoter, pGB5100 was digested with HindIII, and
S. cerevisiae W334 was transformed with the DNA. URA1 colonies poststained with aqueous lead citrate (100 mM [pH 13.0]). All micro-
graphs were taken with a EM 912 (LEO, Oberkochen, Germany)that grew on galactose but not on glucose-containing medium were
selected and analyzed. Expression of Tim23D50: the Tim23 pro- operated in the zero loss mode.
moter (2530 - 11) and Tim23D50 were amplified by PCR and sub-
cloned into pFL59. The diploid YPH501(TIM23/tim23::URA3) cells Acknowledgments
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